Abstract: EcR (ecdysone receptor)-mediated ecdysone signaling pathway contributes to regulate the transcription of genes involved in various processes during insect development. In this work, we detected the expression of EcR gene in silkworm ovary-derived BmN4 cells and found that EcR RNAi result in an alteration of cell shape, indicating that EcR may orchestrate cell cycle progression. EcR RNAi and EcR overexpression analysis revealed that in the cultured BmN4 cells, EcR respectively promoted and suppressed the transcription of E2F-1 and CycE, two genes controlling cell cycle progression. Further examination demonstrated that ecdysone application in BmN4 cells not only changed the transcription of these two cell cycle genes like that under EcR overexpression, but also induced cell cycle arrest at G2/M phase. In vivo analysis confirmed that E2F-1 expression was elevated in silk gland of silkworm larvae after ecdysone application, which is same as its response to ecdysone in BmN4 cells. However, ecdysone also promotes CycE transcription in silk gland, and this is converse with the observation in BmN4 cells. These results provide new insights into understanding the roles of EcR-mediated ecdysone signaling in the regulation of cell cycle.
Introduction
Ecdysone receptor (EcR), as a member of nuclear receptor family, was identified and well-characterized in insects and primarily contributes to meditate the signaling of steroid hormone ecdysone [1] [2] [3] . Generally, ecdysone directly binds to the heterodimer comprising of EcR and Ultraspiracle (USP) and subsequently activates a transcriptional response of its primary and secondary response genes [4, 5] . More evidence supports that EcR-mediated ecdysone pathway is required for all aspects of insect growth and development, including developmental timing [6] , embryogenesis [7] , larval molting [8] , degeneration, remodeling or specification of organs during metamorphosis [9] , and reproduction [10] .
Cell cycle-modulated cell growth and cell proliferation have been shown to connect to the growth and development of multicellular organisms including insects [11] [12] [13] [14] . Extensive studies provided a comprehensive understanding that cell cycle is principally and directly governed by the paired members from several protein families of cyclins, cyclin-dependent kinases (CDK), and cdk inhibitors [15, 16] . It is conservation among multicellular organisms that cyclin E (CycE) and its CDK partner Cdk2 are responsible for initiating the G1/S transition by promoting DNA replication [17] , and CycB interacts with Cdk1 to promote the G2/M transition by triggering mitosis [18, 19] . In addition, both CycE and CycB are transcriptionally regulated by E2F-1 protein [20, 21] .
Recently increasing reports have shown that ecdysone signal also plays roles in the regulation of cell cycle progression in insects [22] [23] [24] [25] [26] . In the fruit fly (Drosophila melanogaster), ecdysone and its receptor EcR modulate cell cycle progression in wing disc by repressing the expression of Wingless (Wg) gene [27, 28] . Wingless acts to down-regulate the key cell cycle genes, such as E2F-1 and cycE [29, 30] . However, to date, the mechanism of ecdysone regulation of cell cycle progression in insects is poorly understood.
From our previously obtained microarray data of gene expression in cultured silkworm (Bombyx mori) ovary-derived BmN4-SID1 cells [31] , we found that EcR gene revealed a weak expression in BmN4-SID1 cells, indicating that EcR may be also involved in the regulation of the transcription of cell cycle genes in silkworm cells. Here, we performed RNA interference (RNAi)-mediated knockdown of EcR gene and ecdysone treatment in the silkworm at cellular and individual scales, and found that EcR-mediated ecdysone signaling can regulate the transcription of two cell cycle genes, E2F-1 and CycE.
Results

EcR Was Expressed in Silkworm BmN4 Cells
We previously profiled the genome-wide expression in cultured silkworm ovary-derived BmN4 cells by using microarray approach [31] . From the related microarray data (GSE no.: GSE34246), we observed that the expression signal intensity of two probes (sw11842 and sw11434) for silkworm EcR gene exceeded a value of 200 units ( Figure 1A ), suggesting that EcR gene is likely expressed in cultured BmN4 cells. Quantitative RT-PCR examination confirmed an obvious expression of EcR gene in BmN4 cells ( Figure 1B) . Together with the observation that EcR expression could be detected in cultured mosquito (Aedes albopictus) cells [32] , we speculated that EcR may be involved in cell cycle or cell growth in cultured cells without the existence of ecdysone. 
EcR RNAi Alters the Shape of Silkworm BmN4-SID1 Cells
In order to ascertain the roles of EcR in BmN4 cells, we performed a RNAi experiment of EcR gene in cultured BmN4-SID1 cells, which is established by overexpressing the SID1 gene, a gene with high efficiency in the uptake of exogenous double strand RNA (dsRNA) into host cells, in BmN4 cells [33] . The dsRNAs targeting the EcR gene and EGFP (enhanced green fluorescent protein) gene as control were separately transfected into BmN4-SID1 cells in a dosage of either 1 or 3 μg per plate well. Quantitative RT-PCR analysis showed that compared with the control of EGFP dsRNA treatment, EcR expression was remarkably silenced at both the fifth and seventh day after the treatment with EcR dsRNAs (Figure 2A ). Further microscopy analysis found that the morphology of the BmN4-SID1 cells was transformed into fusiform from roundness ( Figure 2B ). This observation is similar to the morphological response of the fruit fly Kc Cells to ecdysone [25] , indicating that cell cycle progression of the BmN4-SID1 cells was changed after EcR RNAi. 
RNAi or Overexpression of EcR Gene Disrupts the Expression of Cell Cycle Genes in BmN4 Cells
Given that EcR RNAi changed the shape of BmN4 cells and may alter cell cycle progression, we proposed that EcR may be involved in regulating the expression of cell cycle genes. Here, we focused on two DNA replication-related genes, E2F-1 and CycE, and checked whether their expressions could be changed after EcR RNAi. As expected, quantitative RT-PCR examination showed that in BmN4-SID1 cells after EcR RNAi, E2F-1 and CycE were down-and up-regulated, respectively ( Figure 3) . This is obviously different with the previous observation in the fruit fly wing that CycE expression is positively regulated by E2F-1 [20, 21] . To further confirm the roles of EcR in the transcription of E2F-1 and CycE, we performed an overexpression of EcR gene in BmN4 cells. As shown in Figure 4 , E2F-1 expression was promoted following EcR overexpression. Conversely, CycE expression was inhibited after EcR overexpression. This is contrary to the effects of EcR RNAi on the transcription of both E2F-1 and CycE. 
Ecdysone Treatment Changes the Expression of Cell Cycle Genes in BmN4 Cells
Given that EcR is a key receptor in mediating ecdysone signaling in insects [1] , we further examined the effects of ecdysone application on the expression of cell cycle genes in BmN4 cells. We firstly checked time-dependent effects of ecdysone treatment with a dosage of 1 μg per mL per plate well on the transcription of cell cycle genes. As shown in Figure 5A , EcR expression was significantly up-regulated after 24 h with ecdysone treatment. Further examination revealed that E2F-1 expression was remarkably elevated at 6 h after ecdysone treatment and CycE was inhibited at 24 h ( Figure 5A ).
In addition, given that the role of juvenile hormone (JH) is antagonistic to that of ecdysone in controlling developmental processes in insects [34, 35] , we also checked the effects of JH analog (JHA) on the expression of cell cycle genes in BmN4 cells. In our experiment, the dosage of JHA is 1 μg per plate well. Obviously, Kr-h1 gene, a key transcription factor that is activated by JH and is involved in JH signaling [36, 37] , was up-regulated in BmN4 cells at 6 h after JHA treatment ( Figure 5B ). E2F-1 and CycE were significantly down-and up-regulated after 24 h with JHA treatment, respectively, which is consistent with the observation in EcR RNAi, but converse with the effects of either EcR overexpression or ecdysone application. We further investigated the effects of ecdysone and JHA treatment with different dosages on the transcription of cell cycle genes in BmN4 cells. As shown in Figure 6A , EcR expression was up-regulated at 24 h after ecdysone treatment with a dosage of 0.01 μg per plate well. E2F-1 and CycE was elevated and inhibited after ecdysone treatment in a dosage-dependent manner, respectively ( Figure 6A ). Similarly, JHA treatment resulted in an up-regulation of Kr-h1 and CycE but a down-regulation of E2F-1 at transcriptional level in a dosage-dependent manner ( Figure 6B ). Taken together, we proposed that EcR-mediated ecdysone signaling is transcriptionally involved in the promotion of E2F-1 and suppression of CycE in the cultured silkworm BmN4 cells. 
Cell Cycle Genes Respond to Ecdysone Treatment in Silkworm Silk Gland
Our results revealed that ecdysone-mediated change of CycE expression in silkworm BmN4 cells was opposite to that of E2F-1. This is inconsistent with the observation in the fruit fly wing that CycE expression is positively regulated by E2F-1 [20, 21] . To test whether ecdysone signaling in regulating the transcription of E2F-1 and CycE may be different at cellular and individual scales, we examined the expression changes of these two cell cycle genes in silk gland of silkworm larvae with ecdysone treatment. Firstly, we noted that E2F-1 and CycE were highly expressed during larval molting ( Figure 7A ), further indicating these two cell cycle genes were also transcriptionally regulated by ecdysone in silk gland. This is because ecdysone pulse is highly present during larval molting [38] . Furthermore, after ecdysone treatment, EcR was up-regulated, and both E2F-1 and CycE were synchronously induced to be up-regulated ( Figure 7B ). Obviously, ecdysone-mediated up-regulation of CycE transcription in silkworm silk gland is consistent with the findings in the fruit fly wing, but opposite with that in the cultured BmN4 cells. The expression changes of cell cycle genes (E2F-1 and CycE) at 12 h after ecdysone treatment on 1-day-old fourth instar silkworm larvae were examined using quantitative RT-PCR. Error bars represents mean and S.D., ** p < 0.01, *** p < 0.001, compared with the control; (C) The expression changes of cell cycle genes (E2F-1 and CycE) at 12 h after JHA treatment on 1-day-old fourth instar silkworm larvae were examined.
We also examined the transcriptional response of cell cycle genes in silk gland to JHA treatment. As shown in Figure 7C , JH responsive gene Kr-h1 was up-regulated in silk gland of silkworm larvae with JHA treatment. Remarkably, in response to JHA, the transcriptions of both E2F-1 and CycE were suppressed, which is completely converse with the effects of ecdysone. Taken together, we suggested that both the transcriptions of both E2F-1 and CycE were positively regulated by ecdysone at individual scale.
Ecdysone Treatment Induces Cell Cycle Arrest in BmN4 Cells
Undoubtedly, our findings raised a question why ecdysone regulation on CycE transcription was not positively correlated with its induction on E2F-1 transcription in BmN4 cells. Previous reports have demonstrated that during normal cell cycle progression, CycE expression is periodically elevated during G1/S transition but is declined during G2/M transition [39, 40] , and E2F-1 is expressed throughout the cell cycle and is dramatically increased in late G1 [41, 42] . Therefore, we wonder whether the disruption of ecdysone signaling could induce cell cycle arrest, which in turn perturb the transcription of CycE transcription in BmN4 cells. To test this hypothesis, we further examined the effect of ecdysone treatment on cell cycle progression in BmN4 cells via flow cytometry analysis. As shown in Figure 8A ,B, ecdysone treatment induced cell cycle arrest at G2/M phase, a time when CycE expression should be reduced as expected. The proportion of cells at G2/M phase was significantly increased from 40.9% in the control (DMSO treatment) to 54.5% after ecdysone treatment. Furthermore, we analyzed the effect of JHA treatment on cell cycle progression in BmN4 cells. As shown in Figure 8C ,D, JHA treatment induced cell cycle arrest at G1 phase, a time when CycE expression should be increased. A significant accumulation of cells at G1 phase could be observed.
Taken together with the cell cycle-dependent changes of CycE expression, we speculated that although E2F-1 transcription could be increased and decreased by ecdysone and JHA, respectively, the changes of CycE transcription after the treatment with either ecdysone or JHA is most possibly caused by cell cycle arrest induced by ecdysone or JHA, rather than E2F-1-dependent regulation.
Discussion
An increasing number of studies have reported that the ecdysone signaling pathway regulates cell cycle progression in insect. For example, the analysis in insect cell lines demonstrated that ecdysone application results in an accumulation of cells in the G1 phase in mosquito cells [43] , and G2 arrest in the indianmeal moth (Plodia interpunctella) imaginal disc cells and fall armyworm (Spodoptera frugiperda) Sf9 cells [44] [45] [46] . In vivo analysis revealed that the ecdysone signaling pathway is required for cell cycle progression in the wing and eye disc of the fruit fly larvae [23, 27, 28, 47] . Intriguingly, we found that EcR as ecdysone receptor is expressed in silkworm ovary-derived BmN4 cells at mRNA level. Although it is unclear how EcR transcription is activated in BmN4 cells, our investigation revealed that EcR-mediated ecdysone signaling is involved in cell cycle progression.
E2F-1 plays a crucial role in the regulation of cell cycle progression [48, 49] . Previous studies in the fruit fly indicated that E2F-1 is likely a candidate target of EcR and is positively regulated by ecdysone at transcriptional level [23, 50] . Intriguingly, based on cellular and individual analysis in silkworm, we found that E2F-1 expression was up-regulated by EcR overexpression and ecdysone treatment in both cultured BmN4 cells and silk gland of larvae, but reduced by EcR RNAi and the treatment of JHA as an antagonist of ecdysone. This strongly supported that E2F-1 transcription is positively regulated by EcR-mediated ecdysone signaling pathway.
As well known, CycE functions in controlling the G1/S transition during cell cycle progression [17] , and CycE expression is positively regulated by E2F-1 in the fruit fly wing and salivary gland [20, 21, 51] . Our results showed that CycE expression was promoted after ecdysone treatment but suppressed after JHA application in silkworm silk gland. This is consistent with the changing tendency of E2F-1 expression under the same condition, indicating that E2F-1 similarly contributes to regulate positively the transcription of CycE gene in silkworm silk gland. Curiously, in silkworm BmN4 cells, CycE expression was suppressed by ecdysone treatment but promoted by either JHA application or EcR RNAi, which was negatively associated with ecdysone or JHA-induced changes of E2F-1 transcription.
It has been previously shown that CycE is highly expressed during G1/S transition and decreased during G2/M transition [39, 40] , whereas E2F-1 transcription continues throughout the cell cycle [41, 42] . Our further examination demonstrated that ecdysone and JHA could induce cell cycle arrest at G2/M and G1 phases in BmN4 cells, respectively. This appears to be well synchronized with decreased transcription of CycE after ecdysone treatment and increased transcription of CycE after JHA treatment. Taken together with the fact of cell cycle-dependent changes of CycE transcription, we proposed that unlike E2F-1, ecdysone-mediated changes of CycE transcription in BmN4 cells is due most possibly to the response to ecdysone-induced cell cycle arrest, rather than E2F-1 regulation from ecdysone signaling cascades. Undoubtedly, the detailed mechanism underlying the regulation of EcR-mediated ecdysone signaling on CycE transcription needs to be further elucidated.
Experimental Section
Cell Lines
The silkworm cell lines of BmN4 and BmN4-SID1 were used in our experiment. The BmN4 cell line was derived from the silkworm ovary and the BmN4-SID1 cell line was established by introducing the nematode (Caenorhabditis elegans) SID1 gene into BmN4 cells, which can greatly enhance the uptake of exogenous dsRNA [33] . The BmN4-SID1 and BmN4 cell line were used to check the effect of EcR RNAi and hormone treatment on the transcription of cell cycle genes, respectively. The BmN4 and BmN4-SID1 cell lines were cultured at 27 °C in IPL-41 medium.
RNAi Knockdown of EcR Gene in BmN4-SID1 Cells
RNAi knockdown of EcR gene in BmN4-SID1 cells was performed according to the previously described approach [31] . In summary, the dsRNAs against silkworm EcR gene and EGFP (enhanced green fluorescent protein; dsEGFP) were separately synthesized and transfected into BmN4-SID1 cells. We collected the BmN4-SID1 cells at the 7th day after dsRNA treatment for twice to check cell shape using microscope and examined expression change of the selected genes.
RT-PCR Assay
Semi-quantitative and quantitative RT-PCR experiments were performed to determine whether the selected genes were expressed in BmN4 cells. RNA extraction, cDNA synthesis, and RT-PCR reaction were carried out following previous reports [52] . The silkworm ribosomal protein L3 (RpL3) gene was selected as a control. The primers used here are listed in Table S1 .
Overexpression of EcR Gene in BmN4 Cells
For the overexpression of silkworm EcR in BmN4 cells, the opening reading frame sequence of silkworm EcR gene was cloned into the expression vector pSL1180. The constructs was transfected into BmN4 cells in 12-well plates. At 72 h after transfection, the BmN4 cells were collected to extract RNA for RT-PCR-based expression pattern analysis.
Hormone Treatment in BmN4 Cells
The BmN4 cells were seeded into 12-well plates with approximately 10 6 cells per well and cultured for 12 h. After a replacement with 1 mL fresh medium, the cells were subsequently treated with different dosage of either ecdysone or JHA. The treated BmN4 cells were cultured for 24 h at 27 °C and were collected for further RT-PCR analysis. In addition, for a time-dependent analysis, the BmN4 cells were treated with 1 μg per well and were collected at 6, 12, 24 and 48 h after hormone treatment.
Gene Expression Assay in Silkworm Silk Gland
The silkworm strain Dazao were reared with fresh mulberry leaves under the conditions of 25 °C and 12 h light/12 h dark photoperiod. The silk gland was isolated at nine developmental time points, including L4D1 (Day 1 of the fourth larval instar), L4D2, L4D3, L4M (fourth larval molting), L5D0 (0 h after fourth molts), L5D1 (day 1 of the fifth larval instar), L5D3, L5D5, and L5D7, and used for further RT-PCR analysis. Moreover, ecdysone and JHA with the dosage of 1 μg per individual were separately injected into silkworm larvae on Day 1 of the fourth instar. DMSO treatment was used as a control. At 12 h after hormone treatment, silk gland was isolated for further RT-PCR analysis.
Cell Cycle Analysis by Flow Cytometry
The BmN4 cells that were seeded into 12-well plate with 10 6 cells per well in 1 mL medium were used for cell cycle analysis. After culturing for 12 h, the cells were treated by ecdysone or JHA with a dosage of 1 μg per well, respectively. DMSO treatment was used as a control. At 24 h after treatment, the cells were stained with Cell Cycle and Apoptosis Analysis Kit (Beyotime Biotechnology, Nantong, China) and subsequently analyzed on flow cytometer (Becton, Dickinson and Company, Franklin Lakes, NJ, USA). Data was analyzed using Flow Jo 7.6 software (Flowjo, Ashland, OR, USA).
Conclusions
In this study, we demonstrated at cellular and individual scales that the EcR-mediated ecdysone signaling pathway is involved in regulating the transcription of two cell cycle genes, E2F-1 and CycE, in the silkworm. It is expected to facilitate the future work about deciphering the roles of EcR-mediated ecdysone signaling in cell cycle progression in insect.
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